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Abstract The ancestral host plants of Chrysomela lap-
ponica are Salicaceae rich in salicylic glycosides (SGs),
which serve as precursors for larval chemical defensive
secretions. Nevertheless, some populations have shifted to
plants poor in SGs or even lacking these compounds. To
study whether this shift is accompanied by adaptations to
novel SG-poor host plants, we reared C. lapponica larvae
from five geographical populations on host plants with high
(Salix myrsinifolia) or low (S. caprea) SG content. Indi-
viduals from two populations (Finland and Kola region in
Russia) associated in nature with SG-rich S. myrsinifolia
showed higher survival and shorter developmental time on
native host species than on foreign SG-poor S. caprea, thus
demonstrating local adaptations to their ancestral SG-rich
host plant. Individuals from a Belarus population associ-
ated in nature with SG-poor S. caprea showed higher
survival on this species than on foreign SG-rich S. myr-
sinifolia, thus demonstrating local adaptation to the novel
SG-poor host. On the other hand, individuals from two
other populations associated in nature with SG-poor plants
(Baikal and Ural region) performed equally well on both
SG-rich S. myrsinifolia and SG-poor S. caprea in our
rearing experiments, thus showing no local adaptation to a
specific SG-host type, but rather a wide feeding niche
including several Salicaceae species of different SG-type.
Our results suggest that diet breadth of C. lapponica is a
local phenomenon, and that adaptation strategies to novel
host plants may differ between populations of a single leaf
beetle species.
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Introduction
The tendency to specialize on one or a few plant species is
likely a major reason for the remarkable diversity of her-
bivorous insect species (Futuyma and Moreno 1988; Jae-
nike 1990; Egas et al. 2005). Conservative host plant
association of specialized insects was often thought to lead
to an evolutionary dead end (Mayr 1963; Rensch 1980; but
see Kelley and Farrell 1998). Herbivorous leaf beetles
(Chrysomelidae), one of the largest groups of plant-feeding
insects, generally show high levels of host plant special-
ization (Futuyma and McCafferty 1990; Funk et al. 1995;
Fernandez and Hilker 2007). Nevertheless, shifts from one
host plant species, genus, or even family to another one do
frequently occur (Dobler et al. 1996; Termonia and
Pasteels 1999). These host shifts offer opportunities to
investigate the evolutionary forces driving host plant spe-
cialization (Camara 1997), and leaf beetles are valuable
models in exploring the evolution of host use (Termonia
et al. 2001; Margraf et al. 2007).
Host plant fidelity in herbivores is influenced by several
life history traits. One of the most important factors is
protection against natural enemies through host-specific
crypsis or sequestered host-derived defensive chemicals
(Bernays and Graham 1988). A number of leaf beetle
species (many Chrysomela spp. and Phratora vitellinae L.)
are specialized to feed upon salicaceous host plants. Many
of these plants contain high contents of phenolic glycosides
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deterring non-specialized herbivores from feeding. Phe-
nolic glycosides provide the precursor for the major com-
ponent of the larval defensive secretion of Chrysomela spp.
and P. vitellinae, i.e., salicylaldehyde from salicylic gly-
cosides (SGs; i.e., salicin and salicortin) present in host
plant leaves (Pasteels et al. 1983). Advantages of this
specialization to SG-rich plants are obvious and include
avoidance of competition with herbivores not adapted to
SG-rich host plants as well as protection from generalist
natural enemies through low-cost defense systems based on
sequestered plant components (Smiley et al. 1985; Rowell-
Rahier and Pasteels 1986; Kearsley and Whitham 1992).
Considering these advantages, shifts back to host plants
not containing SGs are indeed surprising. Leaf beetle
species exhibiting such shifts generally belong to the
Chrysomela interrupta group (sensu Brown 1956). Larvae
of this group are able to produce their defensive secretion
through a combination of sequestration of plant compounds
and autogenous biosynthesis, and both sequestered and
synthesized components are repellents for generalist natu-
ral enemies (Hilker and Schulz 1994; Schulz et al. 1997).
The ability to produce defensive secretions de novo
decreases the beetle’s dependence on host plant chemicals
and allows specialized species to broaden their host range
using plants lacking precursors for sequestering the
defensive secretion compounds (Soetens et al. 1998; Ter-
monia and Pasteels 1999; Termonia et al. 2001).
The leaf beetle C. lapponica L. belongs to the group C.
interrupta, the evolutionary history of which has been
thoroughly explored (Termonia et al. 2001). Combining
molecular phylogenetic analyses and data on defensive
chemistry suggests that host-derived metabolism (i.e.,
sequestration of defensive compounds from SG-rich Sal-
icaceae) is ancestral for this group (Termonia et al. 2001),
but current host plant association of C. lapponica is vari-
able. While some populations retain fidelity to SG-con-
taining species [(including Populus tremula L. (Matis et al.
1980), Salix myrsinifolia Salisb. (Zvereva et al. 1995;
Gross et al. 2004a) or S. fragilis L. (Warchalowski 1994)],
some populations have switched to SG-poor Salicaceae,
such as S. caprea L. (Kruglova and Zvereva 2006) and
S. glauca L. (Virtanen et al. 2004), or to SG-free plants
belonging to other families including Rosaceae (bird cherry
Prunus padus L. and dog rose Rosa canina L.: Matis et al.
1980), and Betulaceae (alder Alnus viridis DC.: Leplat
1999; and different birch species: Matis et al. 1980; Gross
and Hilker 1994; Hilker and Schulz 1994).
In this study, we tested the hypothesis that populations
of C. lapponica associated with either SG-rich or SG-poor
hosts demonstrate local adaptations to their natural host
plants with respect to life history traits. We used the
approach outlined by Kawecki and Ebert (2004) who
regarded the ‘local versus foreign’ criterion as diagnostic
for patterns of local adaptation; according to this criterion,
each population shows increased fitness in its habitat rel-
ative to foreign populations introduced to that habitat.
Following Via (1991), we considered a host plant species a
local habitat. Host plant quality needs consideration in
analysis of host plant specialization (Via 1990), since it is
an important bottom-up factor affecting herbivore fitness
and herbivore efficiency to cope with top-down factors
such as pathogens, parasitoids, and predators.
To test our hypothesis, we recorded in laboratory-rear-
ing experiments the performance of individuals from five
different C. lapponica populations on (1) their natural host
plant (=local habitat; i.e., willow species used by beetles of
the investigated population in their native habitat) and (2)
on a foreign host plant (i.e., willow species present in the
native habitat, but not used by beetles of the respective
population); natural and foreign host plants fed to the
beetles had contrasting SG-content. Two of the five pop-
ulations studied are associated in nature with ancestral SG-
rich hosts, and the three other populations are naturally
associated with novel SG-poor host plants. In accordance
with our hypothesis, we expected populations living in
nature on SG-rich hosts to show better performance on the
SG-rich plant, whereas populations living in nature on SG-
poor hosts were expected to perform better on the SG-poor
willow than on the SG-rich one.
Materials and methods
The study object
The leaf beetle C. lapponica is widely distributed in the
Palaearctic region (Matis et al. 1980; Warchalowski 1994)
and capable of occasionally causing severe defoliation of
its host plants (Warchalowski 1994; Zvereva et al. 1997).
This species is univoltine and demonstrates substantial
variation in color pattern. Adults hibernate in soil and start
feeding and copulating on host plants soon after leaf flush.
Females lay clutches of 35–40 eggs on host plant leaves.
Larvae feed for about 1 month and pupate on their host
plants.
Populations and host plants
Five populations of C. lapponica associated with different
host plants in nature were used (Table 1):
(1) Kola population: beetles were collected on Kola
Peninsula, Russia, near Nikel (69240N, 30130E).
This population feeds almost exclusively (85–100%;
Zvereva et al. 1995) on S. myrsinifolia subsp.
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borealis (Fr.) Hyl., a plant with high concentrations
of SGs (40–80 mg/g of salicortin; Julkunen-Tiitto
1989). SG-poor S. caprea plants are common in
this locality, but C. lapponica individuals were only
very rarely found to feed on this plant species
(Zvereva et al. 1995; personal observations of E.
Zvereva and M. Kozlov in 1995–2008).
(2) Finland population: beetles were collected in Finnish
Lapland near Nuorgam (70050N, 27510E). The type
of locality and beetle association with S. myrsinifolia
are similar to the Kola population (Gross et al.
2004b).
(3) Belarus population: beetles were collected in the
Berezinsky Reserve in Belarus (54300N, 28450E),
where they feed almost exclusively (94%: Kruglova
and Zvereva 2006) on S. caprea, a plant with very low
concentrations of SGs (traces to 0.7 mg/g of salicortin;
Julkunen-Tiitto 1989; Soetens et al. 1998). SG-rich S.
myrsinifolia plants are common in this locality, but are
not used by C. lapponica (Kruglova and Zvereva 2006).
(4) Baikal population: beetles were collected near Baik-
alsk (51300N, 104140E) in Russia. Salix myrsinifolia
does not grow in this locality, but there is another
Salicaceae species growing in the habitat, Populus
suaveolens Fisch., which is as rich in SG content as S.
myrsinifolia (R. Julkunen-Tiitto, personal communi-
cation). Most of the beetles (43%) were found on S.
caprea, the rest of population was distributed on other
abundant SG-poor species (S. rorida Laksch., 23%; S.
dasyclados Wimm., 18%) and regrowth of poplar (P.
suaveolens, 16%).
(5) Ural population: beetles were collected in Polar Ural,
Russia, near Vorkuta (67030N, 63340E) and were
found feeding mainly on two willow species: S.
dasyclados and S. glauca, which both have low
concentrations of SGs (9.3 and 3.8 mg/g of salicortin,
respectively; Julkunen-Tiitto 1989). No willow spe-
cies with high SG concentrations were discovered in
the surveyed habitats of this population.
Observations on field distributions of adult beetles and
larvae among host plants were conducted during at least
two seasons for each population.
Larval performance in relation to host plants
To account for within-population genetic variation, we
used a family-design with larval families originating from
Table 1 Willow (Salix spp.) and poplar (Populus spp.) species common in studied localities and their use by Chrysomela lapponica in natural
conditions and in laboratory experiments
Geographical
region
Local species used by leaf beetle in nature
(SG content)a
Local species not used by leaf beetle in nature
(SG content)a

























Not found among common species S. myrsinifolia (SG-rich)
S. caprea (SG-poor)








a Classification is based mostly on Julkunen-Tiitto (1989, and personal communication)
b Native plant species in bold
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field-collected mated females. Overwintered females were
collected in spring from each of the five populations
(Finland, Kola, Belarus, Baikal, and Ural), transported to
Apatity (Murmansk region, NW Russia), and kept indi-
vidually in Petri dishes on their natural hosts to get one
batch per female. The number of batches varied from 5 to
15 depending on the population and experiment. Larvae
hatching from an egg batch (25–40 per batch) were divided
into two groups of equal size. One of these groups was
reared on SG-rich S. myrsinifolia, and the other group was
reared on SG-poor S. caprea. Thus, larvae of each popu-
lation were reared on their natural host plant (i.e., plant
species used by leaf beetles of the investigated population
in their native habitat) and on a foreign host plant (i.e.,
plant species present in the native habitat, but not used by
leaf beetles of the investigated population) with contrasting
SG-content, except for the Ural population, because neither
S. myrsinifolia nor S. caprea grow in this locality
(Table 1). Therefore, five additional families from the Ural
population were reared on its native host, S. glauca. Newly
hatched larvae were placed in 50-ml vials and fed with
mature leaves collected from five field-growing individuals
of each host plant species. Fresh leaves were added every
second day. The experiments were terminated when young
beetles emerged from pupae.
The following performance parameters were deter-
mined: (1) survival from hatching of larvae to emergence
of adults, (2) duration of development from hatching of
larvae to emergence of adults, and (3) weight of newly
emerged beetles (determined by electronic balances to the
nearest 0.1 mg). All performance trials were conducted at
room temperature (20C) and natural illumination in a
common laboratory environment. Survival was measured
in 2008 (Baikal population) and in 2005 (all other popu-
lations). Duration of development and weight were mea-
sured in 2005 for the Ural population, in 2006 for the
Finland, Belarus, and Kola populations, and in 2008 for the
Baikal population.
Data analysis
Beetle survival was analyzed using logistic regression and
the events/trials syntax with procedure LOGISTIC (SAS
Institute 2003). In this case, trial was the number of hat-
ched larvae in each experimental unit, and event was the
number of emerged adults.
Data on beetle weight and duration of development were
subjected to analysis of variance (ANOVA) (SAS Institute
2003) considering both population and host plant species
(S. myrsinifolia and S. caprea) as fixed variables. For the
Ural population, which was reared on three plant species
(native S. glauca and two non-natives, SG-rich S. myrsin-
ifolia and SG-poor S. caprea), an additional analysis of
host plant effect was conducted. When required, variables
were log-transformed prior to analyses to meet normality
assumptions. Separate analyses of each population (with
beetle family considered as random factor in a mixed
model ANOVA) demonstrated that variation in the
responses of different progenies to alternative host plants
were not significant in all populations (data not shown).
However, this result could be due to the low number of
families (especially in the Ural population), and therefore
we concentrated in the final analysis on differences
between populations.
Results
Performance of C. lapponica, i.e., survival from larval
hatching to adult emergence, duration of development
during this time, and weight of newly emerged beetles,
were significantly influenced by the plant species fed to
larvae (Table 2). However, populations of C. lapponica
differed in their response to SG-rich (S. myrsinifolia) and
SG-poor (S. caprea) willows as indicated by significant
interaction between host plant and population for survival
and duration of development (Table 2).
Three populations showed higher survival rates when
reared on their native host plants than when reared on a
foreign plant (Fig. 1a). Two of these populations (Finland
and Kola) are associated in their natural habitat with SG-
rich S. myrsinifolia, and survival rates were higher when
reared on this SG-rich plant than on the SG-poor plant, S.
caprea. The third (Belarus) population is associated in its
natural habitat with the SG-poor plant, S. caprea, and
survival rates on this SG-poor plant were higher than on the
foreign, SG-rich plant, S. myrsinifolia. In contrast, survival
rates of the other populations tested (Baikal and Ural) were
similar on native (SG-poor) and foreign (SG-rich) host
plants (Fig. 1a).
Host plant effects on the duration of development were
similar to the effects on survival for the Finland and Kola
populations; in these populations, development from larvae
to adults was significantly faster on the native SG-rich
plant than on the foreign SG-poor plant. However, in the
Belarus population, development time on the native SG-
poor plant was similar to development time on the foreign
SG-rich host plant. In the Baikal population, feeding on the
native SG-low host plant even led to a significant prolon-
gation of larval development compared to developmental
time when feeding on the foreign SG-rich plant. In the Ural
population, duration of development from larval hatching
to adult emergence on two SG-poor species (native S.
glauca and non-native S. caprea) did not differ from
developmental time on the SG-rich S. myrsinifolia
(Fig. 1b).
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The weight of beetles from the Kola population was
lower when individuals had fed on the foreign host plant
compared to beetles that had fed on the native host. In
contrast, the weight of beetles from all other popula-
tions studied was independent of host plant species
(Fig. 1c).
Table 2 Effects of beetle population (Kola, Finland, Belarus, Ural, Baikal) and host plant species (Salix myrsinifolia vs S. caprea) on
performance traits of leaf beetle Chrysomela lapponica
Character Sources of variation df MS F/WCH P
Survivala Beetle population 4 – 34.82 \0.0001
Plant species 1 – 13.62 0.0002
Beetle population 9 plant species 4 – 68.53 \0.0001
Weight of newly emerged beetles Beetle population 4 9684 16.79 \0.0001
Plant species 1 2741 4.75 0.03
Beetle population 9 plant species 4 753 1.31 0.27
Error 104 577 – –
Duration of developmentb Beetle population 4 12.90 10.65 \0.0001
Plant species 1 33.59 27.74 \0.0001
Beetle population 9 plant species 4 5.18 4.28 0.003
Error 104 1.21 – –
F, Fisher test, refers to ANOVAs used to analyse beetle weight and duration of development; WCH, Wald Chi-square, refers to logistic regression
model used to analyze survival data
a Survival from hatching of larvae to emergence of adults
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Fig. 1 Survival (a), duration of development (b) and beetle weight
(c) in five populations of Chrysomela lapponica fed on host plants
differing in salicylic glycoside (SG) concentrations. Means ? SE are
calculated from family-specific values (a n = 5 families for Kola,
Finland, Belarus, and Ural populations, and n = 10 for Baikal
population; b, c n = 15 beetle families for Kola, Finland, and Belarus
populations, n = 10 for Baikal population, and n = 5 for Ural
population). Significant differences (P \ 0.05) between host plant
species are marked with asterisks (Chi-square test for survival,
Duncan test for duration of development and weight). N Native host
plant, i.e., species commonly used by this population in nature; F
foreign host plant, i.e., species not used by this population in nature.
Individuals from the Finland, Kola, and Belarus populations per-
formed better on native host species than on foreign host species, thus
demonstrating local adaptations to a certain SG host-type. Individuals
from the Baikal and Ural populations performed equally well on both
native and foreign host plants, thus showing no specialization to a
specific SG host-type
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Discussion
Three of five C. lapponica populations (from Finland,
Kola, and Belarus) demonstrated local adaptations to host
plants. Individuals from each of these populations showed
increased survival when feeding on native rather than
foreign host species. These results meet the ‘local versus
foreign’ criterion (Kawecki and Ebert 2004). The signifi-
cant interaction between effects of beetle population and
host plant species on survival and duration of development
of C. lapponica (Table 2) indicates that specialization of
C. lapponica phenotypes to certain host plant species can
maximize beetle fitness in their specific habitats.
Among the three populations which met the local
adaptation criterion, two were adapted to the ancestral (SG-
rich) host plant (Finland, Kola), and one population
(Belarus) developed adaptation to a novel SG-poor species.
The level of local adaptation to the native host plant was
higher in the populations adapted to the ancestral (SG-rich)
host plant compared to the population adapted to a novel
(SG-poor) host. In the latter population, only survival rates
were higher on the native host, whereas duration of
development and beetle weight did not differ from those on
the foreign (ancestral) host. This difference may be
explained by a much longer evolutionary history of adap-
tation to the ancestral host compared to the relatively short
time since the shift to a novel host occurred.
Because feeding upon SG-rich hosts is ancestral to
C. lapponica (Termonia et al. 2001), populations from
Kola and Finland seem to exhibit an original type of host
plant use. This ancestral specialization to SG-rich plants
might have been favored by selection pressure by gener-
alist enemies, since precursors sequestered from SG-rich
host plants may be used by larvae to produce a defensive
secretion that is highly efficient against generalist predators
(Pasteels et al. 1983).
Populations of herbivorous insects are generally found
to be specifically adapted to a novel host plant only when
the original hosts are not present (e.g., Thompson 1993;
Camara 1997; Ballabeni et al. 2003). Therefore, detection
of local adaptation to SG-poor S. caprea in the Belarus
population is of particular interest. In this population, more
than 90% of egg batches of C. lapponica were found on S.
caprea, although ancestral SG-rich S. myrsinifolia plants
were equally abundant in the same habitats (Kruglova and
Zvereva 2006). Significant genetic divergence of the
Belarus population of C. lapponica from ancestral ones is
supported by the fact that this population exclusively
consists of black color morphs, whereas all other popula-
tions in this study consisted of typical morphs (red-and-
black pattern) or were polymorphic.
While the Belarus population shifted from SG-rich
willow species to SG-poor willows, several European C.
lapponica populations are known to have shifted to SG-
lacking birch (Gross and Hilker 1994; Hilker and Schulz
1994; Warchalowski 1994), even though an SG-rich wil-
low (S. fragilis) co-occurs in the localities of these popu-
lations (Gross et al. 2004b), and some other European
populations of C. lapponica feed on S. fragilis (Warcha-
lowski 1994). Moreover, birch populations of C. lapponica
demonstrate a high level of specialization to their host
plant, because they have lost their ability to survive on SG-
rich willows (Gross et al. 2004b). In contrast, some larvae
of the Belarus population still survive on SG-rich S. myr-
sinifolia (Fig. 1). Significant genetic divergence of a birch-
feeding C. lapponica population from a population spe-
cialized on SG-rich willows is suggested by laboratory
crossing experiments that showed post-zygotic reproduc-
tive isolation (Fatouros et al. 2006).
Thus, the Finnish and Kola populations on ancestral
hosts, as well as the Belarus and birch populations on novel
host plants, are narrow specialists in their local commu-
nities. This conclusion is supported by the high preference
of their native hosts in the field: about 90% of C. lapponica
records are made on native host species (Zvereva et al.
1995; Kruglova and Zvereva 2006). In contrast, Baikal and
Ural populations of C. lapponica perform similarly well on
their native and foreign host plant, and thus do not dem-
onstrate local adaptations to novel SG-poor hosts like the
Belarus population shows. Observations on host plant use
in nature revealed that beetles of the Baikal and Ural
populations feed on a number of willow species (Table 1).
In the Ural locality, all these willows contained low
amounts of SGs, whereas SG-rich species were absent. In
the Baikal locality, C. lapponica beetles and larvae were
found not only on several SG-poor willow species
(Table 1), but also on regrowth of poplar, P. suaveolens,
which is very rich in SGs (R. Julkunen-Tiitto, personal
communication). SG-rich plants are usually consumed only
by specialists, because SGs are toxic or deterrent for gen-
eralist herbivores (Ruuhola et al. 2001). Using both SG-
poor and SG-rich hosts in nature indicates a certain level of
generalization in host plant use. Thus, while the Belarus
population demonstrated a clear shift to an SG-poor host
plant, both the Ural and Baikal populations increased their
host plant range by including SG-poor hosts in their diet,
and still used SG-rich hosts when they were available.
Interestingly, our data hint at a positive association
between host plant specialization and colur polymor-
phism across the geographical range of C. lapponica.
The populations of northern Europe tightly associated
with S. myrsinifolia consist only of the typical red-and-
black individuals (Zvereva et al. 2002). Only one (black)
morph was found in the Belarus population feeding
almost exclusively on S. caprea. At the same time, both
populations with wider niche breadth (Baikal and Ural;
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Table 1) are polymorphic. The Baikal population,
although dominated by the red-and-black morph, also
includes black individuals; and a variety of color morphs
(black, red-and-black, and yellow with a number of
intermediate morphs) were found in the Ural population
(E. Zvereva, personal observation). This observation is in
line with the hypothesis by Forsman et al. (2008) that
polymorphism promotes utilization of diverse environ-
mental resources, colonization success, and range
expansion.
Among selective factors affecting host specialization
(reviewed by Jaenike 1990), a shift from SG-rich to SG-
poor hosts may be favored by the impact of specialist
natural enemies (Gross et al. 2004a). Some natural enemies
have evolved the ability to use salicylaldehyde, a major
host plant-derived compound of larval defensive secretion,
as a kairomonal cue to search for their prey (Gross et al.
2004a; Zvereva and Rank 2004). When feeding on SG-
poor or SG-free host plants, C. lapponica release low
amounts or no salicylaldehyde with their secretion. Thus,
enemies specialized to use salicylaldehyde as kairomone
are missing a crucial cue to locate prey. It has been sug-
gested that C. lapponica feeding upon an SG-poor host
could obtain enemy-free space from specialist enemies
(Gross et al. 2004a). On the other hand, broadening of diet
range and developing the ability to use SG-poor hosts in
addition to SG-rich ones (as has been observed for the Ural
and Baikal populations) might also be determined by
resource availability (Jaenike 1990; Nosil et al. 2002) and
the absence (Ural) or rarity (Baikal) of original SG-rich
host plants.
In general, our results indicate that within one herbivore
species host plant shift can be accompanied by the devel-
opment of local adaptation and specialization to the novel
host differing in secondary chemistry, as well as by
incorporation of a novel species into host plant range by
increasing the feeding niche breadth. Thus, the levels of
specialization and adaptation may differ between popula-
tions of one species. Our results on C. lapponica are in line
with the conclusions of Fox and Morrow (1981) that diet
breadth is a local phenomenon and a characteristic trait
rather of a population than of a species. Thus, adaptation
strategies to novel host plants may differ between popu-
lations of a single species and reflect the very local
conditions.
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